The cariogenic bacteria Streptococcus sobrinus and S. cricetus were shown to have an absolute requirement for manganous ion in order to bind glucans or to adhere to glass in the presence of sucrose. The bacteria possessed a reasonably high affinity transport system for 54Mn2 , yielding a Km of about 12 ,M. The Vmax for uptake of 54Mn2+ in S. sobrinus was increased when the bacteria were grown in Mn-depleted medium, but the Km remained the same. There was no evidence for two Mn2+ uptake systems, commonly observed for many bacteria. Ions such as Ca2+, Co2+, Co3+, Cu2+, Fe2+, Fe3+, Hg2+, Mg2+, Ni2+, and Zn2+ did not inhibit the uptake of 54Mn2+ by the bacteria, although Cd21 was a potent inhibitor. Fractionation experiments showed that manganese was distributed in protoplasts (67%) and in the cell wall (33%). Approximately 80%o of the 54Mn2+ in S. sobrinus was rapidly exchangeable with nonradioactive Mn2+. Electron spin resonance experiments showed that all of the manganese was bound or restricted in mobility. Proton motive forcedissipating agents increased the acquisition of 54Mn2+ by the streptococci, probably because the wall became more negatively charged when the cell could no longer produce protons.
Bacteria use trace metals as prosthetic groups for numerous enzymes. For many bacteria, manganous ion is essential for growth and division. Requirements for manganese occur in both gram-positive and gram-negative bacteria. Archibald (4) has reviewed the role of manganese in microbial metabolism. Drake et al. (16) found that expression of the glucanbinding lectin (GBL) of the mutans group streptococci depends on the presence of manganous ion in the growth medium. More recent work by Lu-Lu et al. (28) showed that growth supplements of citrate or lactate prevented expression of GBL. The effects of citrate and lactate were probably due to the binding of manganese by the organic acids, effectively starving the cells for the metal ion. The GBL of the mutans group streptococci may function to promote their sucrose-dependent adhesion to and accumulation on the surfaces of teeth (10, 11, 21, 22, 26, 27) , an initial step in dental caries formation.
Several lines of evidence point to a role of manganese in dental caries (6, 7, 9, 12) , although that role has yet to be defined. Adhesion to surfaces seems to favor the growth and survival of bacteria. If manganous ion contributes to the ability of streptococci to adhere, it would be expected that the bacteria possess efficient means of acquisition of the ion. In this study, it is shown that Streptococcus sobrinus and S. cricetus, both members of the mutans group of streptococci, possess a highly specific uptake system for manganous ion. The Km for uptake of manganese was approximately 12 ,uM. Growth in the presence of limiting manganese results in a cell population with a much greater Vmax than that of cells obtained from Mn-sufficient medium.
MATERIALS AND METHODS
Bacteria and growth conditions. S. cricetus AHT (serotype a) and S. sobrinus 6715 (serotype g) were used throughout the study. Bacteria were incubated statically at 37°C in a 5% C02-supplemented atmosphere. The Trypticase soy broth (TSB; BBL Microbiology Systems, Cockeysville, Md.). In order to eliminate potential sucrose or a-1,6-glucan contaminants, the medium was treated with yeast invertase (1 mg/g of dry medium; Sigma Chemical Co., St. Louis, Mo.) and fungal dextranase (1 mg/g of dry medium; Sigma) at 50°C for 3 h prior to autoclaving. Treatment of the medium with the enzymes resulted in cell populations which formed clump-free, even suspensions (15) . To reduce the level of trace metals, the media were stirred at room temperature for 3 h with the sodium form of Chelex-100 (Bio-Rad Laboratories, Richmond, Calif.). One gram of resin was used per 3 g of dry medium. Following treatment with Chelex-100, the media treated with the resins were filtered and treated with mixed-bed resin (AG501-X8 [Bio-Rad]) under identical conditions. The media treated with the resins were termed metal deficient, whereas untreated media were termed metal sufficient. All 
RESULTS
Requirement for manganese ion for expression of GBL. The level of manganese in TSB was found to be 1.8 p.mol/g of dry medium, whereas the Mn level of ion-exchange-treated medium was 0.33 p.mol/g of dry medium, as determined by atomic absorption spectroscopy. The cells were able to grow slowly in the treated medium, although the yields were one-half to one-fourth of that for regular TSB. Presumably, the content of trace metals was reduced to a level which greatly slowed growth but did not completely prevent it. When the cells were assayed for GBL activity, it was observed that the GBL activities were low in the Mndeficient medium ( Fig. 1 and Table 1 ). Addition of manganese to the growth medium permitted full expression of the GBL in S. sobrinus (similar results were obtained for S. cricetus AHT). Supplementation of the treated TSB with Cs2+, Co2+3+, Cu2+, Fe2+, Fe3+, Mg2+, Ni2+, or Zn2+ did not result in increased levels of GBL activity. In addition, when sucrose was included in the growth medium, control cells formed tenacious masses on the bottoms of the glass growth vessels, whereas metal-depleted medium did not support adhesion (Table 1) . Only when manganous ion was included in the metal-deficient medium did sucrose-dependent adhesion to glass occur. The results clearly reveal a role for manganous ion in GBL activity and in sucrose-dependent cellular accumulation. of taking up 54Mn2+ more rapidly than cells obtained from regular TSB. The KmnX for uptake was unchanged, however.
Specificity of manganese uptake in oral streptococci. Several independent experiments were performed to determine the specificity of the manganese uptake system in S. sobrinus and S. cricetus. In one series of runs, selected metal ions were mixed with cell suspensions. After a 10-min incubation at room temperature, 54Mn2+ was added, and rates of uptake were determined. The results are shown for S. sobrinus in (Fig. 3) . Interestingly, approximately 20% of the radioactivity could not be exchanged with the concentrated, unlabeled manganese. A control experiment with boiled cells revealed no significant uptake of label, showing that the 54Mn2+ does not adventitiously bind cell components (Fig. 3) . A calculation can be made to determine the approximate internal sizes of the manganese pools in S. sobnnus. By using the internal water volume of 2 ,ul/mg of dry weight for S. mutans 10449 reported by Wang and Germaine (39) and the value for 54Mn2+ uptake at 180 min (Fig. 3) , it can be shown that the intracellular Mn concentration is 775 ,.M, a value far greater than the external manganese concentration of 10 ,uM.
Metabolic poisons and acquisition of manganese by S. zone (CCCP) was added to the suspension, uptake was actually enhanced (Fig. 4) . Similar results were obtained with the ATPase inhibitor N,N'-dicychlohexylcarbodiimide and the ionophores monensin and nigericin. From these results, it was impossible to determine how metabolic energy is coupled with the acquisition of manganous ion. When Distribution of manganous ion in S. sobrinus. S. sobrinus 6715 was allowed to grow in 54Mn2+ overnight, then washed twice with water, and suspended in SPBS (20 mM sodium phosphate, 150 mM sodium chloride [pH 7.2]). The suspension was divided and treated with mutanolysin (20 ,ug/ml), trypsin (20 ,ug/ml), or EDTA.(5 mM in SPBS) for 1 h at 37°C. After the various treatments, supernatant and insoluble fractions were assayed for radioactivity ( Table 3 ). The cell wall fraction was considered to be the amount soluble when the cells were suspended in 0.6 M mannitol in SPBS and digested with mutanolysin (20 ,ug/ml). The wall fraction contained 32.8% of the total radioactivity. The protoplast fraction contained 67% of the 54Mn. When the cells were extracted with EDTA, 9.7% of the radioactivity remained cell bound, but the addition of trypsin to washed, EDTAtreated cells did not result in an increased amount of soluble 54Mn. When whole cells were initially treated with trypsin, approximately 25% of the radioactivity was released. Following treatment with trypsin, EDTA extracted all but about 8% of the manganese from the cells. The results show that manganese is distributed in both the wall and protoplast fractions. Some of the radioactivity can be removed by trypsin and some by EDTA, but there were no additive effects when trypsin and EDTA were used in tandem. Control experiments with [3HJthymidine-labeled S. sobnnus showed that protoplast integrity was not altered by trypsin or mutanolysin treatment. is the relative height of the first derivative oftPhe lines and AH< is their peak-to-peak width (in gauss; 1 G = 10-4T). The hyperfine splitting (hfs) constant, A, in Table 4 is the average value of the separation between the lines. The g values of all samples were within experimental error of the free-electron g value at 2.002. The ESR spectra of the MnSO4(aq) samples (Fig. 5A) The control cells (Fig. 5B) exhibit room temperature spectra similar in gross overall features to the spectra of the standard samples of the pure aqueous MnSO4 solution. There are six well-defined hfs lines, as in MnSO4(aq), but there are significant differences. These cell samples exhibit spectral characteristics similar to those which have been observed previously for Mn2+ ions bound to macromolecules in biological systems (33) . The lines are not as symmetrical as those of MnSO4(aq), and both the line widths, AHPI and the intensities of lines 2, 3, 4, and 5 relative to those of lines 1 and 6 are decreased, with the central lines 3 and 4 being the least intense. This effect is characteristic of the spectra of Mn2+ ions immobilized by coordination of ligands in a solid-state crystalline environment (2) or by coordination to a bulky macromolecule in a biological system (30) . The hfs constant, A, remains at 95 G, which is characteristic of six coordinated octahedral or distorted octahedral environments. Estimation of internal Mn2+ concentrations confirms that EDTA removed >99% of the ion from the cells. (G)   Y7   1  95  32  28  29  25  25  23  22  25  25  265  29  29  2  95  35  42  32  39  30  35.5  30  38  31  40.5  36  43.5  3  95  31  23  30  19  24  18  28  18  32  22  30  23  4  95  42  15  34  12  30  9  29  10  39  13  40  16 a The uncertainties in the numerical values reported for APP are about +2 G for samples 1, 2, and 3 and about +5 G for sample 4. Uncertainties in the hfs constant, A, are about ±1 G for samples 1, 2, and 3 and about ±2 G for sample 4.
IControi
The spectrum consists basically of six hyperfine lines with an A of 95 G. However, spin-forbidden transitions now occur in the spectrum between the main six-line hyperfine pattern of allowed transitions. These additional forbidden transitions are characteristic of immobilized Mn2+ complexes in which the Mn2+ ion occurs in distorted octahedral symmetry (1, 29) . The 77 K spectra of the EDTA-treated cells showed no clearly resolved structure from which conclusions about the environment of any remaining Mn2" ions could be drawn.
The absence of discernible hfs lines in these samples at 77 K supports the conclusion that most of the Mn2+ ions have been removed by treatment with EDTA. In fact, the decreased line widths in the low-temperature spectra provide more definite support for this conclusion than the room temperature spectra.
DISCUSSION
The results of this study show that the acquisition of manganous ion by S. sobrinus involves an inducible, highly specific uptake system. Furthermore, the manganous ion can distribute to both the cytoplasm and the cell wall. Manganous ion was required for the expression of the GBL and for adhesion of the bacteria to glass. The transport of transition metals by bacteria often involves two separate uptake systems (36) . One system is usually low affinity, whereas the other is frequently high affinity, with a very low Km. The Km for Mn uptake in S.
sobrinus was about 12 p,M, regardless of whether the cells had been cultured in Mn-depleted or Mn-sufficient medium (Fig. 2) . Bacteria obtained from Mn-depleted broth, however, demonstrated Vma, values much higher than those obtained for bacteria from Mn-sufficient broth. For many bacteria which accumulate Mn, the Km for uptake is typically lower than the 12.5 ,uM determined for S. sobrinus (5, 36) . For example, in Bacillus subtilis, the Km for uptake of Mn is about 1 to 3 p,M (17, 20) , whereas in Brevibacterium ammoniagenes, the Km is about 0.6 to 0.7 p,M. In Escherichia coli, the Km for manganous ion uptake is about 0.2 ,uM (35) . The high Km for Mn2+ in S. sobninus may reflect the ecology of the organism. Drinking water, foodstuffs, and saliva generally contain manganous ion (6, 12) , so there may be no need for the organism to sequester the metal ion with higher-affinity uptake systems.
In several bacteria, a single metal ion transport system serves to provide essential metal nutrients. In B. subtilis, Mg2+, Co2+, Mn2+, and Ca2' are all taken up by the same transport system (17, 20) . In S. sobninus, the only metal ion which seemed to compete with Mn2" was Cd2" ( Table 2 ).
The cadmium ion has been reported to compete for Mn2+ uptake also in Lactobacillus plantarum and in Staphylococcus aureus (34) . Metal ions such as Ca2+, Mg2+, Zn2+, Ni2+, Co2+, Co3+, and Fe2+, and Fe3+ were unable to compete with Mn2+. The ferrous ion is also selectively transported by S. mutans (18) . The selectivity of S. sobrinus for Mn2+ may reflect the dependence of the bacterium on the ion for growth (3, 16, 32, 37) and for expression of the GBL (Fig. 1) (28) .
The ESR spectra of the control cells showed that the cells contain Mn2+ ions which have had their individual tumbling rates severely decreased or eliminated entirely by being bound to a bulky cellular macromolecule. The suspended cells as a whole, however, still undergo rotational diffusion at a rate sufficient to average out any anisotropic characteristics of the spectrum related to the zero-field splitting caused by the distorted octahedral environment of the ion. However, at 77 K, this rotational diffusion can no longer occur, because the cells are now frozen into place, and the spectrum becomes characteristic of Mn2+ ions in a distorted octahedral solid-state environment. It therefore appears that all of the manganese acquired by the cells is in a bound form in spite of the fact that 80% of the manganese is an exchangeable form. The exchangeable manganese could be in the cytoplasm or complexed in the cell wall. The results showed that about one-third of the manganese distributes to the cell surface, whereas two-thirds is found in protoplasts (Table 3 ). In outer membrane vesicles of E. coli, multivalent ions also appear to be restricted in motion, as shown by 31p VOL. 175, 1993 on August 28, 2017 by guest http://jb.asm.org/ Downloaded from nuclear magnetic resonance spectra of europium-doped vesicle preparations (19) .
When CCCP was added to a suspension of cells in the process of taking up 54Mn2 , there was an increase in the amount of the isotope incorporated into the cells (Fig. 4) . The results show that acquisition of Mn2+ is enhanced in the presence of a strong proton motive force-dissipating agent. Recent results by Kemper and Doyle (24) , Kemper et al. (25) , and Urrutia et al. (38) provide evidence for increased binding of metal ions in proton motive force-dissipated B. subtilis. Metabolizing gram-positive bacterial cells appear to possess protonated walls, because the walls are able to bind protons secreted by oxidative and/or fermentative processes (24, 25) . When the cells are no longer able to produce protons, as in the presence of CCCP, the walls become more electronegative, enabling the walls to complex more Mn2+, even at relatively low pHs (pH 4 to 6). The affinities of the walls for the ion are greatly reduced at low pH, however (8, 13, 14) . The increased binding of Mn2+ in the presence of metabolic poisons complicates the determination of the mechanism of energy coupling with acquisition of the ion by the streptococci. It will be necessary to use highly selective proton motive force-dissipating agents (or ionophores or other metabolic inhibitors) at concentrations which permit limited production of protons and at the same time inhibit Mn uptake. Such reagents and the conditions for their use are presently unknown.
Lu-Lu et al. (28) have recently shown that chelating agents, such as EDTA, citrate, lactate, and acetylacetone, can inhibit the activity of surface-bound GBL. Removal of the chelating agent restores the ability of the cells to bind a-1,6-glucans. They suggested that the chelating agent could remove only the most loosely bound Mn2+, and upon removal of the chelating agent, the residual cell-associated Mn2+ could diffuse to the lectin and activate the glucanbinding site. The results of this study are not incompatible with the proposal of Lu-Lu et al., especially because metabolizing cells were shown to possess two major compartments of Mn%+ and to have rapidly and slowly exchangeable pools of the ion.
